Five temperature-sensitive mutants (ts I to 5) were isolated from a stock of the Moloney strain of murine sarcoma leukaemia virus complex which had been mutagenized by ultraviolet irradiation or N-methyl-N'-nitro-N-nitroso-guanidine. In mouse cells at the non-permissive temperature the mutants formed fewer foci of transformed cells than at the permissive temperature.
INTRODUCTION
Several temperature-sensitive (ts) mutants have been isolated from murine sarcoma virus (MSV; Scolnick, Stephenson & Aaronson, 1972; Somers & Kit, 1973) and murine leukaemia virus (MuLV; Stephenson, Reynolds & Aaronson, I972; Wong, Russ & McCarter, 1973) . Two different types of MSV ts mutants have been described by Scolnick, Goldberg & Parks (I975) based on the ability of MuLV to complement their defect in transformation. MuLV ts mutants have been divided into three classes based on the stage at which virus replication is blocked at the non-permissive temperature (Stephenson & Aaronson, 1973) .
We tried to isolate ts mutants of MSV in order to analyse the mechanism of virus transformation and the relationship between MSV and MuLV. Previous attempts at isolating such mutants utilized non-producer cells which were established at permissive temperature (Scolnick et al. 1972; Somers & Kit, 1973) . Since well characterized ts mutants of MSV have not yet been isolated in high yield by this method, we tried a different method of rapid isolation, using culture fluids of virus-infected cells as the virus source without establishing non-producer cells. To minimize the possibility of isolating ts mutants of MuLV, the cells were co-infected with a small amount of mutagenized MSV-MuLV and an excess of wild type (wt) MuLV. In this way five ts mutants of MSV-MuLV were isolated and partially characterized as we describe in this paper.
METHODS

Cells and viruses.
The YH-7 cell line, established from the lung tissue of a C57BL/6 mouse embryo, was obtained from Dr H. Yoshikura (Yoshikura, I973) . The NRK (normal rat kidney) cell line (Duc-Nguyen, Rosenblum & Zeigel, 1966) was supplied by Dr N. Yamaguchi. H-NRK cells (non-producer NRK cells transformed by the Harvey strain of MSV; Levy, 197I ) were provided by Dr Y. Ikawa. XC cells (Svoboda et al. I963) and S+L-cells (C182 cells; Bassin, Tuttle & Fischinger, I97o ) were another gift of Dr H. Yoshikura. The culture medium employed was Eagle's minimum essential medium (Nissui Seiyaku Co., Tokyo, Japan) supplemented with IO~o foetal calf serum inactivated by heating at 56 °C for 30 min. The virus stock of Moloney strain (Mo) of MSV-MuLV complex was the culture fluid from a clonal line of MSV-transformed rat brain tumour cells (C2-RBT; Ida et al. I974) , which was provided by Dr N. Ida.
Virus assay. The titration of the MSV-MuLV complex in YH-7 cells was modified from the previous description (Yuasa et aL I975) . Dishes (6o mm) were inoculated with 1.5 x lO 5 YH-7 cells. One day later, the culture medium was discarded and 0"4 ml of MSV-MuLV were adsorbed to the cells for 2 h at 32 °C. Then 4 ml of culture medium was added to each dish which was incubated at either 32 °C (permissive temperature) or 39 °C (nonpermissive temperature). After 4 days at 39 °C or 6 days at 32 °C, MSV loci were counted. The XC plaque assay was used for titration of MuLV (Rowe, Pugh & Hartley, I97o ) . After culture fluid was removed from the infected cells, they were irradiated with u.v. light at a dose of about 6oo ergs/mm 2. Then XC ceils were added to the infected cultures at a level of t x io 8 cells/dish at 39 °C or 2 x lo 8 cells at 32 °C. On the second day at 39 °C or on the fourth day at 32 °C, the cultures were fixed with formalin and stained with crystal violet. XC plaques were counted with a microscope.
The MSV focus assay in NRK cells was performed as follows. NRK cells were seeded at I x Io 5 cells per dish. On the next day, the cells were exposed to virus for 2 h at 32 °C. After adsorption, the cultures were incubated at either 32 °C or 39 °C. Foci were counted 5 days post infection at 39 °C and 7 to 8 days post infection at 32 °C.
Mutagenesis. U.v. irradiation was carried out by the method of Yoshikura (I973). A stock of MSV-MuLV with a titre about Io 5 focus forming units (f.f.u.)/ml was irradiated at the dose of 8ooo ergs/mm z and showed a survival of lO 2' f.f.u./ml. Mutagenesis by N-methyl-N'-nitro-N-nitrosoguanidine (MNNG, Daiichi Pure Chemicals, Tokyo, Japan) followed the procedure of Martin (I97o) . A stock of MSV-MuLV (Io 5 f.f.u./ml) was mixed with an equal volume of 0-2 M-phosphate buffer (pH 6-o) containing 0-002 M-EDTA and 2 mg/ml MNNG. After 20 min incubation at 30 °C, the mixture was chilled and dialysed against buffer (o.I M-NaCI, o.oi M-tris-HC1, pH 7"6, o.ooi M-EDTA). The titre decreased to to 3~ f.f.u./ml.
Isolation of ts mutants. YH-7 cells were seeded in dishes (6o mm) at 1.5 × Io5 cells/dish. On the next day, the cells were co-infected with about ~o f.f.u, of mutagenized virus and enough wt Mo-MuLV (more than I p.f.u./cell) to minimize the possibility of isolating ts mutants of MuLV. After adsorption for I h at 32 °C, growth medium containing 0.4% agar (Bactoagar, Difco) was overlaid. After 7 days at 32 °C foci were isolated by aspirating the transformed cells through the agar with a capillary pipette and transferring them into microtest II plates (Falcon) containing 2"5 × ~o 3 YH-7 cells/well. After 5 days at 32 °C * The number of MSV-MuLV complex clones which were positive for focus formation in microtest II plates at 32 °C but negative at 39 °C, is shown in the numerator. The number of clones tested is shown in the denominator.
t The number of clones, which satisfied the ts criterion described in the text is shown in the numerator equal drops of culture medium from each well were transferred to two replica plates seeded the day before with 2"5 x ~o 3 YH-7 cells/well. The cells were incubated for 2 h at 32 °C. Then one of the two replica plates was incubated at 32 °C for 6 to 7 days and the other at 39 °C for 5 to 6 days. Wells in duplicate plates that showed transformed foci at 32 °C and not at 39 °C were marked as ts candidates. The virus titre in culture fluid of each ts candidate was titrated in YH-7 cells at both temperatures. Clones which showed a ratio of titre at 32°/39 °C greater than 3o were selected as ts mutants.
Cloning of MuLVfrom the MSV-MuLV complex. Virus diluted to less than IO XC
plaques/plate was used to infect YH-7 cells 0"5 x ~o 5 cells/plate). After 2 h adsorption at 3 z °C growth medium was added. On the next day, the culture medium was discarded and I x xo 6 XC cells were added to the unirradiated infected cells. After further incubation for I day, the medium was replaced by medium containing o'4% agar. Three to five days later, the unstained dish was examined for syncytial plaques. A small plug of solid medium above an XC plaque was removed and immediately transferred to a plastic dish (35 ram) containing I x io 5 YH-7 cells. After 6 to 7 days, the culture fluid harvested from each plate was used as a source of cloned MuLV.
Soft-agar assays. NRK cells were massively infected, dispersed by trypsinization and diluted to x ml containing 5 x ~o 4 cells. The cells were then mixed with 2 ml of medium containing agar at a concentration of 0-5%. This cell suspension was poured on to a 60 mm plate over a pre-set base of 5 ml of the same solid medium containing o-5% ag at. Triplicate plates were incubated at 32 ° and 39 °C. After ~ week, 2 ml of soft agar (o'33 %) was added. Colonies were counted after a further 2 weeks.
RESULTS
Isolation of ts mutants of the MSV-MuLV complex
Five ts mutants of MSV-MuLV were selected (Table I) . A total of I9OO virus clones were examined from cells which were presumably singly infected with MSV and possibly multiply infected with MuLV. Of the wells examined, 59 were positive for loci at 32 °C and negative at 39 °C. When virus clones obtained from these wells were tested, five ts mutants were selected which showed a ratio of titre at 32 °/39 °C of more than 30 in a focus assay. The incidence of ts mutants induced by the two mutagens, u.v. light or MNNG, was similar. Table 2 shows the focus-and plaque-formation (XC assay) of these five ts mutants in YH-7 cells at 3 z° and 39 °C. The ratio of MuLV titre at 32°/39 °C in the plaque assay of ts I and ts 3 was rather high. 
Characterization of the ts MSV-MuLV
Five MuLV clones were isolated from wt MSV-MuLV and each of five ts mutants. The clones were assayed for XC plaque formation at 32o and 39 °C (Table 3) . Almost all the MuLV clones isolated from wt MSV-MuLV, ts 2, ts 4, and ts 5 were not temperaturesensitive. Although the ratio of titre at 32°/39 °C of MuLV clone 5 isolated from ts 5 was rather high, the ratio of recloned MuLVs isolated from the clone 5 was less than 2o. On the other hand, two MuLV clones (clones 3 and 4) of ts I and MuLV clone 4 of ts 3 showed far higher titres at the permissive temperature than at the non-permissive temperature. This suggested that ts I and ts 3 were ts mutants of MuLV, while ts 2, 4 and 5 were ts mutants of MSV. To confirm this suggestion, an excess of wt MuLV was added to each ts mutant focus assay (Table 4) -Focus formation by wt MSV-MuLV was enhanced by the addition of wt MuLV at both temperatures. In the assay of ts I and ts 3, the titre at 39 °C increased with the addition of wt MuLV, showing that wt MuLV supplessed the temperature-sensitive phenotype of ts I and ts 3. In this experiment the focus-forming titre of ts I and ts 3 at the non-permissive temperature without addition of wt MuLV was rather high, possibly due to an increase in the proportion of non-mutated MuLV in the ts I and ts 3 complex. Addition of wt MuLV did not, however, enhance focus formation by ts 2, ts 4 and ts 5 at the non-permissive temperature. This experiment supported the suggestion that ts I and ts 3 were ts mutants of MuLV, while ts z, ts 4 and ts 5 were ts mutants of MSV.
The focus formation with wt MSV-MuLV and ts mutants was also examined in NRK cells. Titration kinetics of MSV in rat cells are known to be one-hit and not to be affected by the accompanying MuLV (Parkman, Levy & Ting, x97o ) . As shown in Table 5 , ts 2, ts 4 and ts 5 showed the temperature-sensitive phenotype in NRK cells, further suggesting that ts 2, ts 4 and ts 5 were mutants of MSV. Non-producer cells were isolated from NRK cells transformed by ts 2, ts 4 and ts 5-Superinfection of these cells by wt MuLV resulted in the pseudotvpe rescue of MSV. These pseudotypes were titrated for focus formation in NRK cells (Table 6 ). The rescued virus exhibited a temperature-sensitive phenotype like the original ts complex though to a somewhat lesser degree. Therefore, it was concluded that ts I and ts 3 were ts mutants of MuLV, while ts 2, ts 4 and ts 5 were ts mutants of MSV.
Colony formation in soft agar and morphology of transformed cells
Colony forming efficiency of NRK cells transformed by wt MSV-MuLV, ts z, ts 4 and ts 5 was compared at 320 and 39 °C (Table 7) . Colony forming efficiency by each of the mutants was not suppressed at 39 °C. No morphological change in NRK cells transformed by these three ts mutants was observed after temperature shift-up (3 z° to 39 °C) or shift-down (39 ° to 32 °C). These observations suggested that these three MSV ts mutants were not temperature-sensitive in either the maintenance of the transformed state or the stimulation of cell growth in suspension.
Examination of MuL V ts mutants
Clone 4 of ts I and clone 4 of ts 3 (Table 3) were cloned two further times to obtain pure stocks of MuLV ts I and ts 3. Titration of the ts MuLV by XC assay at 320 and 39 °C (Table 8 ) gave high ratios of titre at 32°/39 °C.
Heat inactivation of wt and MuLV ts mutants was carried out to know whether or not virion proteins of ts mutants were thermolabile. Virions were incubated at 4o °C for 3o, 6o, 9o, I2o, I8o and 240 min and titrated at 32 °C. Heat inactivation curves revealed 2" 3 X 102 I'I lS I 1'8 x 10 2 2"0 x 10 2 0' 9 Is 3 2. 5 x 1o 2 2. 5 x io 2 I.O * H-NRK non-producer cells were infected with wt, ts I and ts 3 MuLV at a multiplicity of approximately i p.f.u./cell at 3z °C. One week later each culture fluid was harvested and assayed for focus formation in NRK cells at 32 ° and 39 °C.
that the two MuLV ts mutants were inactivated at the same rate as wt MuLV (Fig. I) , showing that none of the virion proteins essential for infectivity was thermolabile in these ts mutants.
To investigate the role of MuLV in the establishment of MSV transformation, wt and ts MuLV pseudotypes of Harvey MSV (H-MSV), rescued from H-NRK cells, were tested for focus formation in NRK cells (Table 9 )-The results show that H-MSV rescued with either ts I or ts 3, or with wt Mo-MuLV, induced similar numbers of loci at 320 and 39 °C. When CI82 cells (S + L-cells) were used as the source of MSV pseudotype instead of H-NRK, the result was similar (data not shown). Therefore ts ~ and ts 3 were not defective in establishment of MSV infection at the non-permissive temperature. However, these pseudotypes showed the expected temperature-sensitive phenotype when assayed for focus formation in YH7-cells where virus spread is required to produce a focus (data not shown).
DISCUSSION
Although many ts mutants of avian sarcoma viruses (ASV) have been isolated and used extensively for genetic analysis (Wyke, I975) , only a few ts mutants of MSV have been isolated (Scolnick et al. I972, I975; Somers & Kit, I973) and their detailed genetic analysis has not yet been reported.
In the present studies, we tried to isolate ts mutants of MSV to analyse the mechanism of cell transformation by MSV. Five ts mutants of MSV-MuLV havc been isolated which showed the temperature-sensitive phenotype in focus formation in mouse YH-7 cells. In YH-7 cells the titration kinetics are two-hit for focus formation and MuLV is necessary as a helper both for MSV multiplication and focus formation (Yoshikura, I973) . It is therefore possible that MuLV in the complex is temperature-sensitive and responsible fo r the temperature-sensitive phenotype in focus formation. We performed the experiments described here to identify whether the ts component of the complex is MSV or MuLV.
By cloning MuLV from the ts MSV-MuLV complex, ts I and ts 3 were found to be mutants of MuLV (Table 3) . This idea was supported by the focus formation test of ts mutants in YH-7 cells with or without addition of wt MuLV (Table 4) . On the other hand, all MuLV clones from ts 2, ts 4 and ts 5 showed no temperature-sensitivity in the XC plaque assay (Table 3 ) and it was shown that ts 2, 4 and 5 were still temperaturesensitive for focus formation in YH-7 cells in the presence of wt MuLV (Table 4 ). These observations showed that ts 2, ts 4 and ts 5 were ts mutants of MSV. In rat cells, where MSV focus formation shows a one-hit dose response and is not affected by the accompanying MuLV (Parkman et aL I97o), these three mutants induced fewer foci at the non-permissive temperature than at the permissive temperature (Table 5) . To exclude the possibility of a mutated MuLV rendering the MSV-MuLV pseudotype temperaturesensitive, MSV non-producer cells were isolated with each of ts 2, ts 4 and ts 5 and MSV pseudotypes were rescued from these non-producer cells by superinfection with wt MuLV. Focus formation of these pseudotypes in NRK cells was also temperature-sensitive, supporting the conclusion that ts 2, ts 4 and ts 5 were ts mutants of MSV (Table 6 ). The ratio of titre at 32°/39 °C of the ts 5 pseudotype was, however, rather low and this may have resulted from recombination between the ts MSV and wt MuLV or cellular genes. In temperature shift experiments none of the ts MSV transformed cells expressed morphological changes and the colony forming efficiency of ts MSV transformed cells in soft agar culture was not temperature-sensitive (Table 7 ). These observations suggest that these MSV ts mutants are not temperature-sensitive in the maintenance of the transformed state and in initiation of cell growth in suspension. In this respect, these three MSV ts mutants seem to be different from those reported previously, whose infected cells showed a different morphology at the permissive and non-permissive temperatures (Scolnick et al. 1972; Somers & Kit, I973) .
Our results can be compared with those obtained with ts mutants of ASV. Friis, Toyoshima & Vogt 0970 have described mutants of these viruses in which the initiation of focus formation is temperature-sensitive, whilst there is no defect in agar colony formation. However, these mutants are also defective in maintaining the transformed phenotype of the cell and they are probably more comparable to some of the ts MSV described by Scolnick et al. 0975) . Other ASV mutants have a ts defect in initiating transformation, like the mutants we describe here, but they differ from our mutants in that their defect is complemented by non-transforming viruses (avian leukosis viruses; Wyke & Linial, ~973; Bookout & Sigel, ~975; Hunter & Vogt, 1976) . So far, there is no clear explanation of the nature of these MSV ts mutants and the technical problems such as leakiness of the mutants must be also considered. Further studies are now in progress to examine the nature of these mutants.
MuLV ts mutants have been classified into three phenotypes (Stephenson & Aaronson, r973) . Class I mutants, defective in group-specific antigen expression at the non-permissive temperature, are found to have temperature-sensitive post-penetration helper functions necessary for the fixation of sarcoma virus transformation (Stephenson & Aaronson, I974) . To test whether ts I and ts 3 were defective in these functions ts MuLV pseudotypes of H-MSV were tested for focus formation in NRK cells (Table 9 ). The results show that ts i and ts 3 did not show a temperature-sensitive phenotype in the establishment of MSV infection. Furthermore, heat inactivation of ts MuLV showed that none of the virion proteins was thermolabile (Fig. 0 . Further studies are now beginning to identify the defective step of these ts mutants.
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